Introduction {#Sec1}
============

Left ventricular hypertrophy (LVH) is a significant predictor of cardiovascular morbidity and mortality in patients undergoing long-term hemodialysis (HD) therapy \[[@CR1]--[@CR7]\]. Many factors in the uremic milieu, including hypertension, volume overloading, anemia, chronic kidney disease-mineral and bone disorder (CKD-MBD), the oxidative state, and inflammation, have been implicated in LVH pathogenesis \[[@CR6]--[@CR8]\]. The cardiothoracic ratio (CTR) is a readily available and non-invasive tool with which to assess the volume status and cardiomegaly. In addition, the CTR was found to correlate independently with LVH and target organ damage in hypertensive patients \[[@CR9]\]. The CTR is likely to be a predictor all-cause and cardiovascular disease (CVD) mortality in patients with mild-to-moderate heart failure \[[@CR9]--[@CR11]\] or those undergoing coronary angiography \[[@CR12]\]. However, it remains unclear that a higher CTR is associated with increased mortality among a hemodialysis-treated population \[[@CR13]--[@CR16]\]. This study was designed to evaluate whether CTR could predict all-cause death, CVD death, and the combined outcome of all-cause death and CVD-relate hospitalization in long-term HD patients, using data from the Mineral and Bone Disorder Outcomes Study for Japanese CKD Stage 5D patients (MBD-5D study) \[[@CR17]--[@CR21]\].

Methods {#Sec2}
=======

Study design and patients {#Sec3}
-------------------------

The MBD-5D study was a 3-year prospective observational study involving hemodialysis patients with secondary hyperparathyroidism. The entire study cohort comprised 8229 enrolled patients, from whom a subcohort comprising 3276 patients was selected. The study involved relatively large dialysis facilities (each catering for \>100 patients) in Japan, and patients were eligible for inclusion if they had consistently received hemodialysis for more than 3 months at the participating facilities as of January 1st, 2008, and if they met at least one of the following conditions: an intact parathyroid hormone (iPTH) level of \>180 pg/ml or receiving treatment with intravenous vitamin D receptor activators (VDRAs; calcitriol or maxacalcitol) or oral VDRA (falecalcitriol). Patients were excluded if they had undergone hemodialysis for less than 3 months at the time of evaluation for inclusion.

Details of the study design were reported previously \[[@CR17], [@CR18]\]. In this study, all patients whose baseline cardiothoracic ratio (CTR) had been recorded were enrolled.

Exposure, outcomes, and covariates {#Sec4}
----------------------------------

The CTR was measured by chest radiography in the postero-anterior view, while the patients were standing. The CTR was calculated by dividing the maximal horizontal heart breadth by the horizontal inner rib cage breadth. To confirm the accuracy of the measurements, a vertical line was drawn on each radiograph through the spinal midpoint from the sternum to the diaphragm. The maximum transverse cardiac diameter was obtained by adding the widest distance from the right heart border to the midline and the distance from the left cardiac border to the midline. At each facility, the CTR was measured at the start of the study and every 12 months throughout the study. Although the timing of CTR measurements was not clearly determined in the MBD-5D study, standard chest X-ray is performed immediately before the first HD session in a week in most Japanese dialysis facilities \[[@CR22]--[@CR24]\].

Patients were classified into four groups based on the baseline CTR quartiles: ≤46.8, 46.8, \<−50, 50, \<−53.6, and \>53.6%. As the CTR values changed during the study period, the CTR groups were expressed as time-varying covariates. It was permissible for patients to be placed in only one group at a time, although group placement during the study period changed according to the CTR.

The main outcome measure was all-cause death. The secondary outcome measures were cardiovascular disease (CVD)-related death and the combined outcome of all-cause death and CVD-related hospitalization.

We also collected covariate demographic data (age, sex, BMI, smoking status, comorbidity of CVD and diabetes mellitus, and dialysis duration), baseline laboratory data (levels of iPTH, phosphorus, calcium, hemoglobin, albumin, and C-reactive protein), and covariate data related to dialysis (single-pool Kt/V and dialysate calcium level) and other medications (phosphate binder, vitamin D receptor activator, ACE inhibitor, and beta blocker) at the start of the study.

Statistical methods {#Sec5}
-------------------

Continuous variables were expressed as the mean ± standard deviation, whereas categorical variables were expressed as a proportion. Continuous variables were compared among the groups using the analysis of variance (ANOVA). Categorical variables were compared using the Chi-squared test. We analyzed the adjusted hazard ratios (HRs) for all-cause death, CVD-related death, and the combined outcome of all-cause death and CVD-related hospitalization using the Cox proportional hazards model with the CTR level as a time-varying covariate. In the Cox proportional hazards model, missing CTR values other than the baseline value were replaced by the last observed CTR value. In all analyses, the CTR ≤ 46.8% group was used as a reference. All models were adjusted for all the covariates listed in Table [1](#Tab1){ref-type="table"}.

Table 1Patient baseline characteristicsVariableALLQ1Q2Q3Q4*P*CTR ≤ 46.8%CTR 46.8% \<−50%CTR 50% \<−53.6%CTR \> 53.6%(*n* = 2266)(*n* = 574)(*n* = 596)(*n* = 531)(*n* = 565)Age (year)62.8 (12.9)58.3 (13.1)61.6 (12.1)63.7 (12.1)67.6 (12.3)\<0.001Female (%)38.027.029.541.155.0\<0.001Dialysis duration (year)9.4 (8.2)9.0 (8.0)9.2 (7.6)9.9 (8.3)9.8 (8.8)0.171CVD (%)60.650.458.161.872.6\<0.001DM (%)34.634.735.734.333.60.896Smoking10.712.910.710.09.20.213BMI (kg/m^2^)21.3 (3.6)21.4 (3.0)21.7 (3.3)21.3 (4.0)20.8 (3.8)\<0.001Kt/V1.4 (0.3)1.4 (0.3)1.4 (0.3)1.4 (0.3)1.4 (0.3)\<0.001Ca (mg/dL)9.3 (0.9)9.3 (0.8)9.3 (0.9)9.3 (0.9)9.4 (0.9)0.576P (mg/dL)5.5 (1.4)5.5 (1.4)5.6 (1.4)5.5 (1.3)5.5 (1.4)0.824iPTH (pg/mL)314.5 (244.0)280.1 (172.4)321.9 (228.9)317.6 (246.3)338.6 (308.0)\<0.001Hb (g/dL)10.5 (1.2)10.7 (1.2)10.6 (1.2)10.4 (1.1)10.2 (1.2)\<0.001ALB (mg/dL)3.7 (0.4)3.8 (0.4)3.8 (0.3)3.7 (0.4)3.6 (0.4)\<0.001CRP (mg/dL)0.5 (1.4)0.5 (1.6)0.4 (1.5)0.3 (0.7)0.6 (1.5)0.030VDRA use (%)76.078.876.375.173.80.249Phosphate binder use (%)83.482.685.483.182.50.493ACE inhibitor use (%)7.75.98.110.46.70.034ARB use (%)36.339.638.934.731.70.017Beta blocker use (%)6.16.38.44.94.80.037Dialysate Ca (mEq/L)2.7 (0.2)2.7 (0.2)2.7 (0.2)2.7 (0.2)2.7 (0.3)0.113*CVD* cardiovascular-related disease, *DM* diabetes mellitus, *BMI* body mass index, *Ca* calcium, *P* phosphorus, *ACE inhibitor* angiotensin converting enzyme inhibitor, *ARB* angiotensin receptor blocker

We also performed the same analysis stratified by the presence of DM and age (\<64 year, \>65 year). We performed a sensitivity analysis using all the covariates as time-varying covariates. In this analysis, any missing covariates were replaced by the last observed values of those variables.

As an exploratory analysis, we performed multivariable regression analysis to investigate the relationship between CTR and covariates listed above.

Differences were considered statistically significant at a two-sided *p* value of ≤0.05. All statistical calculations were performed using STATA version 13 (STATA, College Station, TX).

Results {#Sec6}
=======

Patient characteristics {#Sec7}
-----------------------

In this study, 2266 patients were analyzed. In terms of the baseline CTR values, 574 patients were placed in the ≤46.8% group, 596 in the 46.8, \<−50% group, 531 in the 50, \<−53.6% group, and 565 in the \>53.6% group. Figure [1](#Fig1){ref-type="fig"} shows a flow chart of the patients, and Table [1](#Tab1){ref-type="table"} shows the baseline clinical characteristics of the study population according to the CTR values at the start of the study. Table [1](#Tab1){ref-type="table"} shows the baseline clinical characteristics of the study population according to the CTR values at the start of the study. With regard to patient characteristics, the mean age was 62.8 years, the proportion of females was 38%, and mean duration of dialysis was 9.4 years. Age, gender, CVD morbidities, body mass index, Kt/V, intact PTH, Hb, albumin, C-reactive protein, renin-angiotensin system inhibitors use, and beta blockers use were significantly different among patients with each of the CTR quartiles.

Fig. 1Patient flow chart. Patients for the study subcohort were randomly selected from whole MBD-5D study cohort. Of the 3276 patients in the subcohort, 1010 were excluded due to missing CTR values at the baseline. Based on the CTR value at the baseline, 574, 596, 531, and 565 patients were placed into the CTR ≤46.8, 46.8, \<−50, 50, \<−53.6, and \>53.6% groups, respectively. *MBD-5D* mineral and bone disorder outcomes study for Japanese chronic kidney disease stage 5D patients. *CTR* cardiothoracic ratio

Association between CTR levels and mortality or composite outcome {#Sec8}
-----------------------------------------------------------------

Of the 2266 patients, 404 (17.8%) died due to any cause, 151 (6.7%) died due to CVD-related events, and 835 composite events occurred during the study period. Table [2](#Tab2){ref-type="table"} shows the number of events that occurred and the proportion of events that occurred in the various CTR value groups.

Table 2Event occurrence during the study periodQ1Q2Q3Q4TotalCTR ≤ 46.8%CTR 46.8% \<−50%CTR 50% \<−53.6%CTR \> 53.6%(*n* = 574)(*n* = 596)(*n* = 531)(*n* = 565)(*n* = 2266)ProportionNo. of eventsProportionNo. of eventsProportionNo. of eventsProportionNo. of eventsProportionNo. of eventsAll-cause death8.04612.17219.610432.218217.8404CVD-related death2.1124.4268.14312.4706.7151Composite events23.213328.917241.622154.730936.8835*Composite events* combined outcome of all-cause death and CVD-related hospitalization

Table [3](#Tab3){ref-type="table"}a, b shows the unadjusted and adjusted HRs calculated using the Cox proportional hazards model with time-varying covariates. All-cause death, CVD-related death, and composite events increased as the CTR value increased.

Table 3Results of Cox proportional hazards model with time-varying covariatesQ2Q3Q4Number of patientsCTR 46.8% \<−50%CTR 50% \<−53.6%CTR \> 53.6%HR^a^ (95% CI)(a) Unadjusted All-cause death1.4 (1.0--2.1)2.4 (1.7--3.5)4.0 (2.9--5.7)2266 CVD-related death2.0 (1.0--3.9)3.8 (2.0--7.5)5.7 (3.1--10.8)2266 Composite events1.2 (1.0--1.5)1.8 (1.4--2.3)2.4 (1.9--2.9)2266(b) Adjusted All-cause death1.4 (0.9--2.1)1.9 (1.3--2.9)2.6 (1.7--4.0)1954 CVD-related death1.8 (0.8--4.2)3.1 (1.4--6.8)3.5 (1.6--7.9)1954 Composite events1.2 (1.0--1.6)1.7 (1.3--2.2)1.8 (1.5--2.3)1954In these analyses, the CTR ≤ 46.8% group (Q1) was used as a reference*Composite events* combined outcome of all-cause death and CVD-related hospitalization^a^Unadjusted hazard ratio. CTR was treated as a time-varying covariate^b^Adjusted for age, sex, BMI, smoking status, comorbidity of CVD, diabetes mellitus, dialysis duration, levels of iPTH, phosphorus, calcium, hemoglobin, albumin and C-reactive protein, Kt/V, dialysate calcium level, phosphate binder, vitamin D receptor activator, ACE inhibitor, and beta blocker

Figures [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"} show the subgroup analysis stratified by the presence of DM and age (\<64, \>65 years). These analyses demonstrated the same pattern of associations with CTR and mortality.

Fig. 2Subgroup analysis stratified by the presence of diabetes mellitus (DM). *Vertical line* indicates the reference level. The adjusted HRs are shown with point estimates and 95% confidence intervals. HRs were adjusted by age, sex, BMI, smoking status, comorbidity of CVD, diabetes mellitus, dialysis duration, levels of iPTH, phosphorus, calcium, hemoglobin, albumin and C-reactive protein, Kt/V, dialysate calcium level, phosphate binder, vitamin D receptor activator, ACE inhibitor, and beta blocker

Fig. 3Subgroup analysis stratified by age (\< 64 year, \>65 year). Vertical line indicates the reference level. The adjusted HRs are shown with point estimates and 95% confidence intervals. HRs were adjusted by age, sex, BMI, smoking status, comorbidity of CVD, diabetes mellitus, dialysis duration, levels of iPTH, phosphorus, calcium, hemoglobin, albumin and C-reactive protein, Kt/V, dialysate calcium level, phosphate binder, vitamin D receptor activator, ACE inhibitor, and beta blocker

Sensitivity analysis {#Sec9}
--------------------

Sensitivity analysis using all the covariates as time-varying covariates yielded results similar to those of the main analysis (Supplement).

Exploratory analysis investigating the relationship between CTR and covariates {#Sec10}
------------------------------------------------------------------------------

Multivariable regression analysis showed that there were relationships between CTR and age, sex, BMI, comorbidity of CVD, dialysis duration, dialysate calcium level and level of iPTH, phosphorus, hemoglobin, and usage of phosphate binder (Table [4](#Tab4){ref-type="table"}).

Table 4Exploratory analysis on determinants of CTRVariableUnit*β*coefficients95% CI*P* valueAgeper 1 year0.0930.070 to 0.117\<0.001Sex, femalevs Male1.664(1.040 to 2.287)\<0.001Diabetes mellitus comorbidityvs No−0.215(−0.748 to 0.318)0.424Cardiovascular-related disease comorbidityvs No1.176(0.596 to 1.756)\<0.001Diabetes mellitus comorbidityvs No−0.215(−0.748 to 0.318)0.424Smokingvs No0.736(−0.145 to 1.618)0.100Body mass indexper 1 kg/m^2^0.224(0.079 to 0.369)0.003Urea clearance time/volumeper 0.1−0.602(−1.872 to 0.667)0.348Dry weightper 1 kg−0.096(− 0.145 to − 0.046)\<0.001Calciumper 1 mg/dL−0.409(−0.341 to 0.259)0.786Phosphorusper 1 mg/dL0.211(0.025 to 0.398)0.027Intact parathyroid hormoneper 100 pg/mL0.002(0.001 to 0.003)\<0.001Hemoglobinper 1 g/dL−0.300(− 0.528 to − 0.073)0.010Albuminper 1 g/dL−0.342(−1.013 to 0.329)0.313C-reactive proteinper 1 mg/dL0.046(−0.117 to 0.209)0.576Vitamin D receptor activatorvs No0.312(−0.525 to 0.588)0.911Phosphate bindervs No0.746(0.072 to 1.420)0.031Angiotensin converting enzyme inhibitorvs No0.145(−0.729 to 1.019)0.741Beta blockervs No−0.068(−1.317 to 1.181)0.914

Discussion {#Sec11}
==========

CVD is more prevalent among HD patients and is the main cause of death \[[@CR25], [@CR26]\]. Epidemiological studies have demonstrated that the CTR was a significant predictor of both all-cause and CVD-related mortality in patients regardless of undergoing dialysis therapy \[[@CR10]--[@CR16]\]. However, this study is a large scale, and is the first study to investigate the relationship between CTR measurement and clinical outcomes using a time-average Cox regression model in ESKD patients, focusing on CTR measurements as a time-dependent covariate. Thus, the results of this study provide strong evidence that CTR corrected with mortality among dialysis population. The CTR measurement timing was thus more prolonged when compared with the timing used in other studies. In this study, we used a time-dependent Cox regression model to perform a detailed analysis of the associations between the CTR and the outcomes in a large subpopulation from the study patients of MBD-5D study \[[@CR17]--[@CR21]\], because the CTR measurements fluctuated in our large cohort study. After adjusting for various factors, higher CTR measurements were significantly associated with higher risks of all-cause and CVD mortality in this cohort. This study demonstrates that HRs for all-cause death, CVD-related death, and composite events (all-cause death and CVD-related hospitalization) increase across the CTR quartiles. In the subgroup analysis stratified by the presence of diabetes mellitus and age (≤64, ≥65 year), there was seen the same pattern of association between CTR and mortality or the composite outcome. In an exploratory assessment using multivariable regression analysis, age, gender, body mass index, dry weight, CVD comorbidities, Hb, P, iPTH, and P-binder use were significantly associated with CTR.

The CTR is an easy, reliable, and inexpensive tool for evaluating LVH and volume status without using specific equipment or technical modalities, such as ultrasonic echocardiography or magnetic resonance imaging (MRI). Furthermore, the CTR was found to independently correlate with the LV mass (LVM) and target organ damage \[[@CR9]\]. The previous studies have shown that the CTR predicted systolic ventricular dysfunction and sudden death in patients with chronic heart failure \[[@CR11], [@CR27]\]. LVH is an independent and strong predictor of all-cause and CVD mortality and CVD events in dialysis patients \[[@CR1]--[@CR7]\]. Many pathologic factors, including hypertension, volume overloading, local or systemic renin-angiotensin activation, sympathetic hyperactivity, inflammation, and oxidative stress, contribute to LVH in HD patients. In addition to classical factors, CKD-MBD also plays a crucial role in the LVH development \[[@CR6], [@CR7], [@CR28]--[@CR30]\]. Excess PTH and P overloading can induce cardiovascular remodeling in uremic animal models \[[@CR31], [@CR32]\]. Cardiac MRI, the most frequently used tool for cardiac remodeling assessments, was used to demonstrate that Ca × P products as well as the end-diastolic LV volume and pre-dialysis blood pressure levels could predict the LVM index in HD patients \[[@CR33]\]. Recently, Yamamoto et al. reported an association between higher dietary P consumption and greater LVM in a community-based multiethnic population without clinical CVD \[[@CR34]\]. P overloading stimulates an increase in the serum fibroblast growth factor-23 levels and a decrease in 1,25-dihydroxyvitamin D production. These hormonal changes, which serve to maintain P homeostasis, have been implicated in cardiovascular remodeling in both experimental and observational studies [@CR35]--[@CR37]. Interestingly, this study found that higher serum P levels and P-binder usage were associated with a higher CTR, which likely indicates increased LVH, in patients who were undergoing HD with SHPT. No previous studies have reported a significant association between P levels or P-binder usage and CTR values. Beyond doubt, the observational study never establishes any cause-and-effect conclusion. Further studies need to elucidate effect of P management on CTR measurements in CKD patients.

Agarwal demonstrated that hypervolemia, which is detected via relative plasma volume monitoring, could predict higher mortality among HD patients \[[@CR38]\]. The CTR could significantly predict the volume status in HD patients. An observational study revealed that CTR-guided ultrafiltration management led to improvements in hypertension and cardiomegaly \[[@CR39]\] and that a strict volume control strategy improved survival and reduced the CTR values even in patients undergoing the conventional HD treatment \[[@CR40]\]. Therefore, the CTR is a useful volume status indicator in HD patients and can be modified through aggressive volume control management.

This study has several strengths and limitations with respect to interpretations of the results. First, given its observational nature, this study could not establish an obvious causal relationship between the CTR and clinical outcomes. Second, the study population was younger and had longer vintage of HD compared with general Japanese dialysis patients, although they were recruited from a large, multicenter cohort study in Japan (MBD-5D study). In addition, only the patients with SHPT were included in this study. Therefore, they might not have representability of general Japanese dialysis patients. Third, although it is very important whether the addition of CTR measurement to predictive model with patients' characteristics at baseline could be more predictive of mortality, time-dependent Cox regression model, which is used in this study, is unsuitable for validating it. Bohn et al. reported that CTR was independently associated with mortality in retrospective cohort study of 824 HD patients, but that CTR did not significantly improve predictive power for mortality when CTR was added to a base clinical model \[[@CR16]\]. Hyperphosphatemia and P-binder usage were significant CTR determinants in this study population and were representative of CKD-MBD and SHPT. These results might also be specific to patients with established SHPT. However, a large number of patients with a very wide range of serum iPTH levels were carefully evaluated in this study; therefore, we believe that this limitation is negligible. Finally, arrhythmia (particularly atrial fibrillation) and heart valvular diseases, which are more prevalent in hemodialysis patients, can also contribute to higher CTR values. However, those factors were not assessed in detail in this study. Given these limitations, these results should be interpreted and generalized with caution.

This study has demonstrated that the CTR, which is associated with various clinical parameters, is significantly predictive of all-cause and CVD mortality, and composite outcomes in patients receiving HD. These results suggest that efforts of reduced CTR or prevention of its enlargement, including an aggressive volume control strategy, optimal anemia, and CKD-MBD management, could potentially reduce the CVD morbidity and mortality rates in HD patients.
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